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Certain commercially available components have been tested to
establish test procedures for characterizing tevminal protection
devices used in electromagnetic-pulse (EMP) applications. The
devices tested include spark gaps, filters, avalanche dicdes, and
various other nonlincar components. Square pulses of 50- and
500-nsec duration and up to 11 kV in amplitude, with rise times of
2 to 4 nsec, werc applicd to the devices. Response time and energy
leakage werc recorded for cach test. Inscrtion loss and approxi-
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mate failure lavel were measured for each device. Results are
presepted in tabular form. The devices that appear suitable.
for terminal protection include spark gaps, some filters, and
some semiconductor devices with breakdown voltage less than
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This work was sponsored by the Defense Nuclear Agency under
subtagk RYYOAXEBO99, Theoretical and I»:x;:enmcntal EMP. Hardening.
Several HDL staff members have contributed toward this proqram. Initial
‘planning of the test sequences was carried out by Herbert s, McBride -
(formerly of HDL). The - devices were acquired and tested by
William C, Gray. Goorge oort_aak directed the overall program.. ‘
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le  INTRODUCTEON

1.l statement wf Problen

Flectromaghictic  pulses  (EMP)  generated by Lo Jdetonation’ cof
naclear weapons can thdiice iarge voltages and curresnts 1 wires, cables,
and uantenha: connected b sensitive clectrical and el trOn equlpment
thereby causing MOMENLAry Or  permanent WJdicrugption  in the operation of
this equpment.  Wiile yrounding and  shiclding  techaiques  can
gffectively divert the direct EMP wave, the induced energy mast  be
prevented from cntering via the terminals of the equapment, Thus, there
is a nced for terminal protection devices (TPD's), both for retrofitting
existing equipment and for use 1n the design af new ogquipment,

The TPD asrociated with a yiven terminel  is to be connected
between the -termindal and ground, thus providing an aiternate path for
the incadent trunsicnt current and reficoting some, or perhaps most, of
the ehergy away from the protected. wyulpment, The mere  wmpurtant
characteristivs of TPO's fuliow: : .

_ (1) The wnsertich ioss incurred sy conmecting the TPD should not
be so large as to  interfere with the normal operation of the system,
For pravtical purposes,  thls may Lunit the Loertion loas to -l JdB over
the fregquency range of  interest, In come systens, the TPL capacitahle
could be Limited to a fuw picofarad:.

(b)  The TPO should be capable of  abscrbint o Large  amount  of
energy without being  damaged  therebpe o protestion philosophy  that
allows thy protective clement o be damaged 10 the brocuss of provadin
protection b itadvisables  There may be oo orpertunity for replacement
during an att.ack,

(<) tae iPL anedll be sncperatie £oroanpat valtages below tiee
destired  peotectim level and oanoald o wesr oni o apadiy S anpats that
nReeed  this level, josaing from Lowetoehlgn o iy tiveey, P apend
with which this tratnaition takes  plase may be alled the response time
of tiw TP, During this transition  the  TRE valtage may X eed the
protection level by u aubstuantiai amountescuiod overshooteewhich shouid
be minimal 1n amount and time,  Tiwe requirement, of the system being
protected will-larjely establisie lamats for the oversioet,

(d)  After the nitial overshoot, e TG should  limit - the
traniient voltage to a redsonably zmall range near - the protection level,
more or less independent of the current passing  threugh  the device.
What constitutes a reasonable voltage range will be determined largely
by the requirements of the system being protoected, )

Preceding page blank




o

Quantitatively, the desired characteristics of terminal protection
devices can be derived from th. parameters of voltayes and currents
induced in the antennas, wizer, and cables of -the system, and -from the
pProperties of the system to be protected.  Based on field and laboratory
testing experivnve, some standards for TPO's have been  tontatively
established. First, the TPD should be able tu suppress a  voltuge
transient of about lU kV, which impliecs a maximuun short=circuit current
of about A00 A in a SU-.. system, Second, the TPD should switch from the
low= to the Ligh=conduction state in less than 5 nsev, Third, the TRD
should be able to maintain this high=conduction state for at least
500 nsec. ) S

1.2 objectives
Primarily, the firstepnasce objuctives of the test program were to:

(a) Duvelop experamental techniques f{or  characterizing amd
evaluating TPU's that have potential usefulness in EMP auplications;

(b) Collect  expurimental Jdata  {data  bank) on  the iasertion
lowses, enerjy  abusorbing capacitics, recponse  times, and  voltage
lim ting effectivencass  of the candidate D', so that their usefulness
L EMP applictions can be determined; asd

(¢)  Bevelop Lasertiog methods that optirize  the ceffectiveness of
TPD's 1n specific system app-iications,  These resuits  were expected to
generate other benefits. For example, 1t was anticipated that selection
criteria, specifications, aml  accuvptance  tests for TPL's could be
derived from thi . data bane, : :

ied Sulection of LDevices

Many characteristties of elecstrical ompenents ciltimately dotermine
their suirtability  fur termanad protection devices, sach oan switlhing
tume, power=handilnyg cajpability, welght, sont, s12c, tenperature Limits,
frequency  limits, ruggedness, amnd hermet: s soaliltg, some of these
characterigtics are not knpown or-at least have not been puablished by Lhe
manufacturers, 1In many cases, the julseepower=tandling capability has
not been published because it is pot an important consideration in the
normal usage of the Jdevices The devices tested in thls program were
selected on the ! 1.:. 3f a techalcaleliterature survey and  from
sugoestions of those experienced i the field, :

2. TEST PRoEDURE

To evaluate the effects of pulse testing, it 15 necessary to
compare vertain electrical properties of cach  device before the pulse
test with the same properties ‘measured after the  pulse test, It was




decided that measurements of insertion loss and current-voltage
characteristics would be adequate for thas work. Tnerefcre, before high
valtage pulse testing, each device was examined on a spectrum analyzer
to measure its insertion loss from 0.0l to 100 MHz, and each device
{except spark gaps and filters, was also examined on a curve tracer,

After being pulsed each device was again tested on the curve
tracer and/or spectrum analyzer., Comparisons of pre-test:and post-test
data were then used to assess component degradation. This pr: cedure was
followed for each pulse amplitude.

In the initial round of tests the pulse width was 50 nsec and the

amplitudes--measured across a matched 50=;} load with no TPD in
" place-~were 1, 3,8, 8,2, and 11 kv, When postepulse tests indicated
<hat a device had been damaged, no further pulses were applied to that
device., A listing of the undamaged or surviving devxc;s wa.. completed
after the tests.

In the second series of tests (which was applied to the survivors
of the first tests), the pulse width was increased to 500 nsec, and the
amplitudes ware 3.5, 7.5, and .11 KkV, These additional tests were, of
course, intended solely to study the energy ‘dissipction capacities of
the devices to a somewhat greater extent. ' The 3.5-kV, S00=-nsec pulse
was chosen to be roughly equivalent to the 11-kV, 50-nsec pulse as far
as semiconductor-device-junction heating is concerned, assuming that
both pulse widths lie in the range of applicability of the Wunch! model
for semiconductor junction damage due to thermal effects,

‘The highest test level of 11 kV was chosen because it wis the
maximum available and because it appeared to be u good practical test.

The logic flow diagram fot these studiec 1s shown in figure I. _
3. INSTRUMENTATION
3.1 Pulsers

The pulse generators used in these experimenty woere of the chatgnd
coaxial transmission=line type, having two inelinc spark gaps to create
fast rise times, The gaps were operated in a nitrogen atmosphere, and

the pressure and gap spacing were varied to give the fastest practxcal
rate of rise for each pulse amplitude.

" Wunch, D. C., and Bell, R. P., IEKE Trans. on Nucl. Sei., Vel. N&-15,
No. 6, Dec 1968,
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Figure 1. logic flow chart for pulse testing and evaluat inn
of termainal proetection devizes (TPD).

One line produced S0=nsec pulses with amplitudes of 1 to 11'kv
into a matched 50-. load, uveneraliy, the rise times obtainable with
this pulser were 2 to 3 naec, muasured {rom 10 to 90 percent of nlailun;
but at the highest voltage, there was a 1= t 2-nsec decrease in rise
timwe This line was “i.: . .a: i required a resistive matching section to
connect to the measurement scotisns. The match was poor at the -lowest
voltage but reasonuably good aut the higher vultages,

The .ther Transmissich itne produced 500-nsec pulses with
amplitudes of 1 T i kV inte a matcned Yu=, load. The rise times
obtained witl this puisur wore about 2 to 4 nsec, measured from 10 to

¢ percent” of maximum, Shorter risc times could perhaps have been
avnieved, but no effort was made to du  Su be.ause the object of using
O )=ndec pulses was tn investijate damage lcveis more extensively, This
1t was a  standard 3el/b=1li. ve:ds  r19id Copper transmission line and
. .0 taroughouts Two taper sectaons reduced the 3=1'd=i1n,  diameter to

Touo1ne Lo fit the measurement sSeCTion,

A schomatic diegram of these pulse generdaters s shown  in
fiure o The theory of pulsesforming lines 15 reviewed in appendix A,
which follows the treatmont of soldman.

e ldmar, stanfovrd, "Lag lace Transform  Theory and Flectrical
Transsents,” Lover, NI, 1939, '
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Figurs J. Schematic diagram of pulse gencrators used for testing -
of terminal protection devices. .

S.? 'Measurement Socticn

The voltage across and the current through the 1oad were .

determined by means of special instrumentation sections placed before

and after the load, as shown schematically in figqure 3. The voltage was
measured with a resistive probe and attenuator, which provided a
matching network between the 50-. instrumentation section and the 125-

inpur of a Tektronix S19 oscilloscope. A ceries of plug-in networks was -
used to provide further attecnuation when necessary. This woltage
measurement was made on the downstream side of the device under test so

that orly the trarsmitted wave was obtained. o

The current was determined by observing the voltage drop across a
small resistance internal to the instrumentation section and ‘concentric
with the conductors of the 50-d line. Several resistance values were
-available in the 0.04- to 0.4=3 range, so. that the voltage drop could be
adjusted to a convenient range. The current was measured ahead of the
device under test; thus, the measured values include the current through
the 50-. terminator. This terminator current is relatively small.
ex.ept when the device does not conduct; it was then generally ignored,
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3,3 Uscilloscopes and Cu.ru

Voltage and currunt pulses were recorded by two Tektronix 519

oscilloscopes equipped with Tektronix C=27 cameras with 1lil lenses, -

using Polaroid type 410 film, ASA 10,000, The inputs to these
oscilloscopes weres applisd directly to the deflection plutes, which

permitted rige times of 0.28 to 0,30 nsecs The combination of Pll.
phosphor in the CRT and ASA 10,000 film allowed clear recording of all

pulses, even when the oscilloscope sweep speed was 5 nsec/cm,

Photographs with a sweep npeed of 2 nsec/om were poniblc but added no

useful information.

3.4 Curve Traver

Current-voltage characteristics wers generally obtained, using a
Tektronix 576 curve tracer equipped with a Tektronix C=12 camera and
Polaroid type 107 f£ilm, ASA 3000, In some cases a Tektronix 7904
oscilloscope equipped with a Tektronix 7CTIN curve tracer plug-in and &
Tektronix C=31 camsra were substituted for the above combination. In
such cases it was necessary to photograph the tom:d nnd reverss curves
separataly, which presented no dxfftculey.

Since thaese curves are swept out at suéh 2 low frequency (they are
commonly called d-c characteristics), the devices were simply attdached’
to the curve tracer in a convenient fashion,
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3.5 Spectrum Analyzer

Insertion~-loss measurements were made with a Hewlett-Packard

spectrum analyzer saystem, which included .a model B8443A tracking

generator-counter, a model B552A spectrum analyzer IF section, a model
8SS3A spectrum analyzer rf section, and a model 141S display section. '
The camera employed was developad by Fairchila for the Defensé’Atomic

Support Agency (now the Defense Nuclear Agency).

Two photoqraphn made for cach device covered approximate frequency .

ranges of 0 to 10 MHz and O to 100 MHz. Tie vertical resolutlon of this

instrument is 10 dB/div, so that variations of less than ~ 1 dB were_

@ifficult to measure.

.The dcvice _undez' t@s: -was mounted in the same housing for thaad

measurements as for the pulse testa. The O-dB raferonce was established

by making the same observationa on an empty houning. The test‘app&r;:ua
iz shown schomaticall/ in- f;gure 4. '

ORI |af our

- TRACKING -
GENERATOR/COUNTER o

‘ Re L IRF N
sECTION | .

pIsPLAY | aF
SEC TION SECTION

TEST 1TEm

Figure 4. Schematic diagram of spectram analyzer test.

4. RESULTS

4.1 Irportant Observables

4.1,1 Znsertion Loss

The (frequency responce of a device uxder normal operating
conditions, or its insertion loss, was measured as indicated in section
3«5, This gives the direct amount of loading of a 50=. circuit by the

11!
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devica in its nonconducting state. 1t was found that the ingsertion loss
can be well represented by values at a few frequencies. - .We chose 5, 10,
50 and 100 MHz, largely as a matter of convenience, but the choice is

not critical., These results are presented in table I, along with 3-dB
points (where these could be determined) for all devices tested., The’

frequencies at which the loss passed through 1 @B would perhaps"have
been more useful, but the resolution  of the spectrum ~analyzer was of
such that. thewe points could not be determined with a reasonable
accuracy. The insertion louses and 3-dR frequencies listed in table I*
are averades over the sample of that par:icular device typa. The sizes
of these samples are listed in table II.* B

As table I indicates, many aemxconductct devices’ wculd be ‘usaful
only at low frequencies bacause of their high-insertion loss. The more
obvious examples are silicon-controlled rectifiers (SCR's) and some
avalanche diodes., The case of the avalanche diode  is particularly
Llluniratinq because the same properties that cause a diode to ‘show
high=insertion loss=-that is, large junction area and small depletion
width==also allow it to survive larger input transients. The depletion
width, of course, derives from the impurity concentration, and ' a higher
level of impurity carriers means that more current can be impressed
without excesaive neating of the crystal.

At the other extreme, spark gaps generally axhibit little or no
measurable ingertion loss.

4.102 Survivability

The approximate level at which a device was damaged was determined
by comparing pre-= and post=-pulse curve tracer..and spectrum analyzer
photographs. Damage was defined in this context as any significant
ditference between the two sets of photographs, This ~damage was
generally evidenced by an increase in leakage current, for example. In
extreme cases, the device either opened or shoried, It turned out that
the insertion-loss curves were not often useful for damage evaluation,
although they did sometimes confirm conclusions based on curve-tracer
photographs. When the device was destroyed, as indicated by the curve
tracer, it was occasionally noted that the insertion loas had markedly
increased; and in rare cases where curve~tracer photographs werec not
available this fact was of some value,

*These tables are included with tabulated data on pp. 1B through 3¢.
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Preset crowbar, dc
Hybrid SCR crowbar
Avalanche diode
Bipolar diode

Microwave switching diode

PIN DIODE

Pulse shaping diode
Silicon-controlled rectifier
Diode ac switch

Biased Zensr-like suppressor
Thyristor

SPARK GAPS

Gas-tube arrester

Spark gap ‘

Miniatyre gap

Preionized gap

FILTERS

Bandpass filte:

Crystal bandpass filter

EMI filter

RFI/EMI filter

Lossy~lire filter
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The damage data are summarized in table 1II. Each device is
labelled with the highest value of input voltage for which no devicve in
that sample sustained damage=--this is called the Safe Voltage; the

lowest value of input voltage for which any device in that sample.

sustained damage is called the Failure Voltage. 1t should be clear that
these numbers repregent no assurance of performance,

In rare cases the existing data did not permit such an evaluation
for a particular device. Some of these cases are labelled with "UNDET*
in the appropriate column. 1In a fev other cases the devices were
destroyed during curve tracer tests, Taese are indicated by "DEST CT

in the appropriate column, even though other devices in that sample may

have escaped 'damage until pulsed., Fcr damage evaluation, all such
devices were simply considered as untested,

The devices that survived the 1ll=kV, 50-nsec puise test include
all spark gaps tested, some avalanche diodes, some crowbars, and some
filters, Table II shows that the majority of the survivors of the
li-kV, 50=nsac pulse test also survived the 1l-kV, 500-nsec pulse test,

4.1,3 Rasponse Time and Overshoot

When a large, fast rise-time pulse was applied to a device, the
transmitted voltage momentarily exceeded the rated breakdown voltage of
the device, often by several kilovolts. This exceas voltage, generally
referred to as overshoot, depends on the overall response time of the
test system, Operationally, the response time must include the effects
of lead inductances==as these cannot be completely scparated from the
device==and of the test appavatus in addition to the inhereat response
time of the device. 1In these tests, the devices were rourted in a way
that would minimize the effects of leads and test fixture, which ic
presumably the way they would be mounted in practice, Since these
contributions are not easily separated, the overall response time is the
relevant parameter,

Response time was defined for these tests as the difference
between the time of arrival of an incident pulse and the time at which
the overshoot decayed to one-half of its maximum value, ' This and other
rvelevant parameters are defined in figure 5 and tabulated for the 1leXkV
input pulse in cable III.

All measured values in table III are averages over the sample of
that. device type. The clamp voltages are given as upper bounds because
they wure read from the same photographs as the peak voltages and could
not be determined with greater accuracy.
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